Altered peripheral haemodynamics, decreased cardiac output, decreased blood volume and increased AngII (angiotensin II) have been reported in POTS (postural tachycardia syndrome). Recent findings indicate that BMI (body mass index) may be reduced. In the present study, we investigated the hypothesis that reduced BMI is associated with haemodynamic abnormalities in POTS and that this is related to AngII. We studied 52 patients with POTS, aged 14-29 years, compared with 36 control subjects, aged 14-27 years. BMI was not significantly reduced on average in the POTS patients, but was reduced in patients with decreased peripheral blood flow. POTS patients were then subdivided on the basis of BMI, and supine haemodynamics were measured. There was no difference in blood volume or cardiac output once BMI or body mass were accounted for. When POTS patients with BMI < 50th percentile were compared with controls, calf blood flow [1.63 + − 0.31 compared with 3.58 + − 0.67 ml −1 · min −1 · (100 ml of tissue) −1 ] and maximum venous capacity (3.87 + − 0.32 compared with 4.98 + − 0.36 ml/100 ml of tissue) were decreased, whereas arterial resistance [56 + − 0.5 compared with 30 + − 4 mmHg · ml −1 · min −1 · (100 ml of tissue) −1 ] and venous resistance [1.23 + − 0.17 compared with 0.79 + − 0.11 mmHg · ml −1 · min −1 · (100 ml of tissue)
INTRODUCTION
POTS (postural tachycardia syndrome) is defined by excessive changes in HR (heart rate) and symptoms of orthostatic intolerance [1] (see the Materials and methods section for the complete criteria). Observed haemodynamic abnormalities are diverse [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Common final pathophysiological pathways include abnormal regional blood flows and blood volumes that produce excessive postural thoracic hypovolaemia and reflex tachycardia, or excessive sympatho-excitation and vagal withdrawal during upright posture, or both.
Differences in peripheral blood flow, especially in calf blood flow, allowed for a consistent classification scheme [10] that enabled us to partition patients into three groups. One group, which we denoted 'low-flow POTS', has globally reduced blood flow in association with absolute hypovolaemia, supine tachycardia, reduced stroke volume, sympatho-excitation, blunted orthostatic vascular responses, increased plasma Ang (angiotensin) II [12] and decreased bioavailability of cutaneous NO (nitric oxide) [13] . Interestingly, all patients were female. A second group, which we denoted 'normal-flow POTS', comprised patients of both genders with normal blood flow and blood volume while supine, which excessively redistributes to the splanchnic circulation during upright posture because of inadequate splanchnic vasoconstriction. Normal-flow patients developed thoracic hypovolaemia, intense peripheral vasoconstriction and acrocyanosis [14] . The third group, which we denoted 'highflow POTS', comprised normovolaemic patients of both genders with increased blood flow in the lower extremities when both supine and upright. There is markedly increased microvascular filtration accounting for postural tachycardia in high-flow POTS [15] ; the illness tends to be short-lived and they are not well-represented among the most chronic patients in recent research studies.
In previous studies, POTS patients had body masses and BMI [body mass index; body mass (in kg)/height (in m
2 )] averaged across groups, which tended to be decreased compared with healthy control subjects, but did not reach significance. The literature indicates that AngII can mediate anorexia and cachexia in model animal systems and in humans [16] [17] [18] . Studies have demonstrated the potential for increased AngII within the CNS (central nervous system) producing both sympathoexcitation [19] and cachexia [20] .
In the present study, we investigated the hypothesis that BMI is significantly reduced in the low-flow POTS group compared with female normal-flow POTS patients and female healthy control subjects. We examined the relationship between BMI and abnormalities in blood flow and blood volume in all POTS patients, and examined whether BMI correlates with circulating AngII concentration in patients and controls.
MATERIALS AND METHODS

Subjects
POTS patients were recruited from patients referred to the Hypotension Center for investigation of chronic orthostatic intolerance lasting at least 3 months. Orthostatic intolerance was defined by the presence of dizziness, fatigue, exercise intolerance, headache, memory problems, palpitations, nausea, blurred vision, pallor and abnormal sweating while upright relieved by recumbence, which had no other medical explanation. The diagnosis of POTS was made in these patients during an upright tilt table test (see below). POTS was diagnosed by symptoms of orthostatic intolerance during tilting associated with an increase in sinus HR of > 30 beats/min or to a rate consistently > 120 beats/min during 10 min of tilting [5, 21] . For the purposes of the present study, we enrolled only female subjects, because our previous studies have shown that all low-flow POTS patients are female. Using these methods, we recruited 52 female POTS patients (aged, 14.1-29 years; median age, 19.4 years). A total of 36 volunteer subjects were also recruited (all female; aged, 13.6-27.1 years; median age, 21.2 years) and were studied after a screening upright tilt at 70
• demonstrated normal orthostatic response. Volunteer subjects served as a control group and were recruited from among adolescents referred for innocent heart murmurs. Subjects with a history of syncope or orthostatic intolerance were specifically excluded. Patients and control subjects were excluded if they used any chronic medication, except for birth control pills. Exclusion criteria also included smoking, pregnancy, or significant physical or mental illnesses; specific exclusions were diabetes, known dysautonomia or localized neuropathy, skin diseases, cardiac disease, cerebrovascular disease, peripheral vascular disease, neoplastic processes, inflammatory illnesses, collagen vascular disease, chronic angio-oedema or lymphoedema, uncontrolled hyperthyroidism, substance abuse or conditions, which precluded following the protocol.
Informed consent was obtained from the subjects according to the standards of the Committee for the Protection of Human Subjects (the IRB) at New York Medical College.
BMI
We measured BMI as a function of age in low-flow POTS patients compared with female normal-flow POTS patients and female control subjects. These data were plotted on a standardized chart from NHANES-II (Second National Health and Nutrition Examination Survey) of the Centers for Disease Control [22] .
Physiological protocol
To compare physiological data, we divided patients on the basis of BMI (see the Data analysis and statistics subsection). Tests began in a temperature-controlled room after an overnight fast. An intravenous catheter was placed in the right antecubital fossa. A single ECG lead was recorded for heart rhythm and HR. Upper extremity BP (blood pressure) was monitored continuously with a finger arterial plethysmograph (Finometer; FMS) placed on the right middle or index finger. HR was derived from arterial pressure data. Finometer data were calibrated to a brachial cuff oscillographic pressure. MAP (mean arterial pressure) was calculated.
Following a 30 min acclimatization period, venous blood was withdrawn for measurement of AngII. Supine cardiac output was then estimated, and blood volume was determined by the ICG (Indocyanine Green) dyedilution technique [23] . Subsequently, forearm and calf blood flows were measured by venous occlusion SGP (strain gauge plethysmography), and P v (venous pressure) was estimated. A stepwise increase in occlusion cuff pressure around the upper arm and thigh were used to generate steady-state volume-pressure relationships, venous capacitance and an assessment of maximum venous capacity. Measurements of supine haemodynamics made prior to the defining tilt table test were used for all comparisons.
HR, BP and strain gauge data were multiplexed through an A/D converter (DI-720; DataQ Ind) and were thereby synchronized.
Dye-dilution measurement of blood volume and cardiac output
The ICG dye-dilution technique was used to measure blood volume and cardiac output [23] . A spectrophotometric finger photosensor (DDG2000; Nihon-Kohden) was used, which has been validated by previous clinical studies [24] . The dye-decay curve fits a mono-exponential
, where K represents clearance by the liver divided by blood volume. The haematocrit was measured, and we extrapolated the dye-decay curve to the time of dye injection (t = 0), yielding estimated blood volume.
AngII assay
Following a 30 min equilibration period, venous blood for assay purposes was collected into an EDTA tube from the catheter in the antecubital vein with subjects supine. The EDTA tube also contained protease inhibitors, including 0.44 mmol/l 1,10 o-phenanthroline monohydrate, 0.12 mmol/l pepstatin and 1 mmol/l sodium p-hydroxymercuribenzoate. The sample was centrifuged and the plasma was removed. Plasma was extracted using Sep-Pak columns activated with 5 ml of sequential washes of a mixture of ethanol/water/4 % acetic acid, methanol and distilled water. The sample was washed with acetone and water and then eluted with washes of a mixture of ethanol/water/4 % acetic acid. The eluted sample was reconstituted and measured by RIA (Quest Diagnostics Laboratory, Nichols Institute, San Juan Capistrano, CA, U.S.A.). The minimum detectable level of the assay is 3.8 pg/ml. Intra-assay coefficient of variation was 4 % at a mean value of 42 pg/ml; interassay variation was 9.3 % at a mean value of 96 pg/ml. The antibody used in this kit shows 100 % cross-reactivity with AngII and 70 % cross-reactivity to AngIII-(2-8) and Ang-(3-8), but no cross-reactivity with AngI. Therefore the values reported do not distinguish between AngII, AngIII and Ang-(3-8).
Tilt table testing
Recordings of supine BP and HR were obtained close to the end of the supine measurements. All subjects were then tilted upright to 70 o for a maximum of 10 min. An electrically driven tilt table (Colin Medical) with a footboard was used. The test was curtailed on patient request due to intolerable symptoms.
SGP measurements
Venous occlusion SGP was used in all subjects to measure peripheral blood flow and volume parameters. Methods were adapted from the studies by Gamble et al. [25, 26] .
Measurement of blood flow
Occlusion cuffs were placed around the middle of the biceps and mid-thigh. Blood flow was measured by rapidly inflating occlusion cuffs to a pressure just below diastolic pressure to prevent venous egress. Diastolic pressure was verified in the supine position by oscillometry in the arm and calf contralateral to the strain gauges. We used a secondary cuff to prevent wrist and ankle flow. Arterial inflow [in ml · min −1 · (100 ml of tissue)
−1 ] was estimated as the rate of change of the rapid increase in limb cross-sectional area.
Measurement of P v
After returning to baseline, occlusion pressure was increased gradually until a limb volume change was just detected. This represents ambient venous pressure P v and has been verified by invasive testing [25] .
Calculation of arterial resistance
MAP, calculated as 0.33 × (systolic BP) + 0.67 × (diastolic BP), and P v were used to calculate arterial resistance to blood flow [in mmHg · ml
Volume-pressure relationship at venous pressure P v
With cuffs deflated and the subject supine, the limb was elevated progressively, the elevation was measured at the level of the strain gauge, and the simultaneous decrease in limb volume with each elevation was recorded. Venous pressure at the strain gauge was estimated from the hydraulic formula P = P v rest − 0.776 × h, where the constant 0.776 is the pressure conversion factor from cm of blood to mmHg and h is the height of the strain gauge above the table. By fixing pressure with limb elevation, the portion of the capacitance vessel volume-pressure relationship less than P v was obtained.
After returning the leg to its original position and after strain gauge limb size had returned to baseline, we increased the pressure in the occlusion cuff by 10 mmHg steps to 60 mmHg, starting at the first multiple of 10 exceeding P v . By fixing the pressure with the congestion cuff, the portion of the capacitance vessel volume-pressure relationship exceeding P v was obtained.
After step-wise increases in the pressure were complete, the occlusion cuff was rapidly deflated. The instantaneous pressure gradient at the transducer between the venous bed and central veins was estimated by the difference between 60 mmHg and the central venous pressure (assumed to be close to 0 mmHg). Venous resistance was estimated from the initial downward slope using the formula R v =P(60 mmHg)/efflux [27] .
Vascular filling
Increasing pressure steps are associated with plethysmographic changes in limb volume, which include contributions from both capacitance vessel filling and microvascular filtration [8] . Limb volume increases are at first curvilinear, but then increase linearly with time due to filtration. We used a modified least-squares analysis and curve stripping to separate venous filling from filtration.
Computation of the volume-pressure relationship (compliance relationship)
The overall volume-pressure relationship was constructed after curve stripping resolved the capacitance contribution to limb enlargement. Capacitance is assumed to reside primarily in veins and venules. The maximum venous capacity was taken as the difference between asymptotic maximum volume obtained during increasing occlusion cuff pressure steps and the minimum volume obtained by leg lifting.
Data analysis and statistics
Data were digitized, stored on a computer and were analysed off-line with customized software. HR and BP were determined at each stage expressed as means over 60 s intervals. Blood flows and peripheral resistances were calculated as outlined above.
For BMI measurements, following separation into percentiles, differences in the means among low-flow POTS, normal-flow POTS and control subjects were compared by one-way ANOVA. Differences in the variances among these groups were compared by F test.
Patients and control subjects were divided on the basis of size using the 50th percentile of the BMI to group subjects into those < 50th percentile (smaller BMI; BMI < 50 %) and those > 50th percentile (larger BMI; BMI > 50 %), regardless of flow status. Comparisons were made between (i) POTS patients with smaller BMI (BMI < 50 %) and larger BMI (BMI > 50 %); (ii) control subjects with smaller and larger BMI; (iii) POTS patients with smaller BMI and control subjects with smaller BMI; (iv) POTS patients with larger BMI and control subjects with larger BMI; and (v) all POTS patients and all controls. Comparisons were designed to determine whether BMI accounts for vascular changes. Tabular data were analysed by two-way ANOVA (POTS compared with control, and smaller compared with larger BMI). Results were calculated using SPSS software (version 14.0) and were drawn using GraphPad prism software (version 4). All results are reported as means + − S.E.M. Significance was defined as a P value < 0.05. Figure 1 shows the results of BMI measurements stratified into low-POTS patients, normal-flow POTS patients and control subjects using the age-standard chart for each subject studied. Group differences were striking, with significantly lower mean BMI (P < 0.001) and variance (P < 0.025) in the low-flow POTS patients. Table 1 indicates that, overall, far more POTS patients than control subjects fell within the smaller BMI range. This occurred because approx. half of the POTS patients were originally classified as low-flow, and most of the low-flow patients fell within the smaller BMI group. Of those originally classified as normal-flow POTS, approx. half are in the smaller BMI group and half in the larger BMI group. Thus a greater percentage of POTS patients than control subjects were in the low-flow group. Heights were similar in each group and, thus, Table 1 also shows that HR, measured when supine, was increased in all POTS patients compared with control subjects. Although HR in POTS patients exceeded HR in controls, there was no relationship with body mass in the present study. There were no differences in BP while supine.
RESULTS
BMI and patient size
Haemodynamic data
HR and BP
Cardiac output and blood volume
Cardiac output and blood volume paralleled patient size, regardless of classification (Table 2 ). Blood volume and cardiac output averaged over all POTS patients were decreased (P < 0.05) compared with control subjects, because there were so many more POTS patients with decreased body mass and smaller BMI. There was no significant difference between POTS patient with smaller BMI and controls with smaller BMI, or POTS patient with larger BMI and controls with larger BMI. When normalized to body mass, blood volume and cardiac output were similar for POTS patients and control subjects and for the larger and smaller BMI groupings. Thus, for example, blood volume was 74 + − 5 ml/kg of body mass for POTS patients with smaller BMI, 72 + − 5 ml/kg of body mass for POTS patients with larger BMI, 70 + − 4 ml/kg of body mass for controls with smaller BMI and 73 + − 5 ml/kg of bodt mass controls with larger BMI. Blood flow, P v , resistance and venous capacity
Forearm
As shown in Table 2 , there were no significant differences in forearm P v , blood flow, maximum venous capacity or arterial or venous resistances across groups and subject BMI. Arterial resistance tended to be inversely related to BMI in both the POTS and control groups, but did not reach significance. The maximum forearm venous capacity also tended to be increased (P = 0.07) in POTS patients unrelated to size.
Calf
Calf results were different from forearm results. Table 2 shows that P v was significantly greater for POTS patients with smaller BMI compared with controls with smaller BMI (P < 0.001). Figures 2-4 show calf blood flow, calf arterial resistance and calf maximum venous capacity respectively, for all POTS patients and control subjects as a function of BMI. These quantities were unrelated to BMI in control subjects, but distributed among two population groupings (P = 0.002) in POTS patients, as determined by cluster analysis using the SPSS k means clustering analysis: a 
Figure 5 Relationship between BMI and plasma AngII
There is an inverse relationship (r 2 = 0.77) between BMI and AngII concentration in those low-flow POTS patients with increased AngII (>50 ng/l).
smaller cluster with a BMI centred at 19.3 kg/m 2 , and a larger cluster with a BMI centred around 24.5 kg/m 2 . Calf blood flow normalized to calf volume and maximum calf venous capacity normalized to calf volume were directly related to BMI in POTS patients (r 2 = 0.50 for flow, and r 2 = 0.28 for venous capacity), but not for control. Calf arterial resistance was inversely related to BMI for POTS patients (r 2 = 0.36), but not for control.
AngII
We investigated a potential relationship between BMI and plasma AngII concentration ( Figure 5 ). Subjects were not subdivided on the basis of AngII plasma concentrations, but rather on the basis of BMI and leg blood flow criteria.
The results indicate that > 50 % of low-flow POTS patients have abnormally high AngII and that, in these patients, AngII is inversely correlated (r 2 = 0.77) with BMI.
DISCUSSION
The most interesting results in the present study are that female POTS patients with reduced peripheral blood flow (our low-flow POTS group) had BMIs (body mass) that were generally at or below the 50th percentile for age, and that increased AngII was associated with decreased BMI in these patients.
Is there a relationship between haemodynamics and BMI?
The remainder of the present study explored the possibility that BMI or body mass alone accounted for the haemodynamic findings related to POTS in young women. For the purposes of the present study, we therefore only included groups of female POTS patients who presented to our Center and stratified them on the basis of BMI. The results indicated that body mass alone cannot account for findings related to peripheral blood flow, maximum venous capacity and arterial and venous resistance in the calves, whereas body mass can account for differences in cardiac output and blood volume. The thinner the subject, the less the cardiac output and blood volume. The occurrence of reduced BMI compared with controls in the overall group of POTS patients may account for findings of reduced cardiac output and blood volume in POTS reported by us and others [28] [29] [30] .
Peripheral blood flow, resistance and venous capacity measurements made by SGP are normalized to limb volume and are expressed in units of ml/100 ml of tissue. This may be one source of variation among heavier and lighter patients: there may be relatively more dense tissue, such as bone/unit limb volume, in subjects with lower BMIs compared with subjects with higher BMIs. This could bias flow data, since bone blood flow is less likely to be accurately measured using venous occlusion methods. However, such bias appears to have had no effect among the control subjects or the normal-flow POTS patients.
We measured peripheral maximum venous capacity, which we defined as the maximum blood volume/unit volume of tissue that can be stored within a given extremity. Although there was a trend towards increased maximum venous capacity in the forearms of all POTS patients compared with control subjects, this did not reach significance. However, we were able to show a distinct reduction in maximum venous capacity in the calves of POTS patients in the smaller BMI group. This is consistent with our previous observations [9] , and with the study by Freeman et al [31] .
The results with regard to blood volume are different from the results of Jacob et al. [28] and Raj et al. [29] , who demonstrated a decreased average blood volume in POTS patients. However, their results (and our own previous results) were expressed as actual volume measurements, rather than measurements/unit of body mass. This may account for these differences.
Why are POTS patients thinner? The AngII connection
Why is BMI reduced in low-flow subjects? One possible answer derives from our findings of excessive concentrations of AngII in low-flow POTS patients [12] , although this may have no causal relationship. AngII was measured using an extensively validated commercial assay performed by Quest Diagnostics Laboratory.
To investigate this potential explanation of our results, we plotted BMI as a function of AngII concentration ( Figure 5 ). The results indicate that > 50 % of these low-flow patients have abnormally high AngII and that, in these patients, AngII is inversely correlated with BMI.
AngII could mediate anorexia and cachexia; however, there are arguments on both side of this hypothesis. In model animal systems and humans, AngII is directly related to IGF-1 (insulin-like growth factor-1) and the regulation of oxygen consumption [16] [17] [18] 32] . However, low BMI is not commonly associated with high-renin hypertension in which plasma AngII levels are commonly elevated. Inhibition of lipolysis by AngII may be important and has been demonstrated by Goossens et al. [33] in adipose and skeletal muscle tissue in both obese and normal-weight subjects using microdialysis techniques. Also, increased circulating AngII contributes to cachexia in heart failure [32] , but here too results are easily confounded by cachectic pro-inflammatory cytokines [e.g. the old name of TNFα (tumour necrosis factor α) was cachexin]. Studies have demonstrated the potential for increased AngII within the CNS to produce both sympatho-excitation [19] and cachexia [20] . Sympathoexcitation is a major factor in hyperadrenergic POTS in which Furlan et al. [3] have demonstrated that resting sympathetic outflow is increased and there is a blunted response to sympathetic stimulation with orthostatic stress. Although we have not measured sympathetic nervous system activity in these patients, resting vasoconstriction and poor response to orthostatic stress were demonstrated during prior experiments [28, 29, 34] , and are consistent with the sympatho-excitation observed by Furlan et al. [3] . Since low-flow POTS patients are also relatively NO-deficient [13] , it is interesting to speculate whether central AngII excess and NO deficit could account for increased sympathetic activity. Further work will focus closely on such possibilities.
Limitations
The present study is an associative one and, therefore, it is difficult to assign causality. POTS patients with low BMI have less absolute cardiac output and blood volume. This could result in a greater compensatory increase in AngII and sympathetic nervous system activation, which might contribute to POTS; however, when normalized to body mass, these cardiac output and blood volume differences disappear. Conversely, reductions in cardiac output and blood volume could contribute to decreased BMI. It is therefore impossible in our present study to determine which is more important: BMI or Ang haemodynamics. It is the classic 'chicken and egg' difficulty of associative observations that precludes any definitive conclusion that AngII causes decreased BMI.
The assay for AngII also cross-reacts with other Ang species. Specifically, it will detect Ang-(1-7) equally well, which is a vasodilator produced in various tissue. However, our low-flow POTS patients are markedly vasoconstricted. Nevertheless, it may be safer to consider an increase in assayed Ang as a marker, rather than as an absolute measure, of AngII.
We do not know how plasma or local concentrations of AngII change over the age range investigated in the present study. This may be important to understanding how Ang produces and modulates vasoconstriction in low-flow POTS patients.
We used only BMI, which is a rather non-specific index of increased or decreased body mass, and it tells us nothing specific about the proportion of lean body mass or fat, or whether there are alterations in other tissues involved.
We investigated only young female subjects, as most POTS patients are female, with estimates ranging from 75-80 % [35] . However, low-flow POTS patients are exclusively female, although the reason for this remains unexplained. The age range used required that we employ CDC (Centers for Disease Control) age-dependent criteria for subjects < 21 years old. These criteria are present in the standard graph contained within Figure 1 .
We have not measured sympathetic activation directly nor correlated this with BMI, low-flow POTS or AngII. This will be remedied in future studies.
The majority of the subjects were all menstruating females, but we did not determine the menstrual phase in any of our subjects, either those with POTS or controls, and none were amenorrhoeic. Although not affecting BMI appreciably, menstrual cycle effects could change haemodynamic properties [36, 37] . Previous studies have demonstrated that hormonal fluctuations that occur during the normal menstrual cycle may alter autonomic regulation of arterial pressure during various environmental stimuli [38] , although there is no apparent effect on orthostatic tolerance [36] .
There could be some relationship with deconditioning; however, many of our low-flow POTS patients were previously athletic and often maintained exercise regimens despite their illness.
Conclusions
In the present study, we have demonstrated that patients with low-flow POTS have decreased body mass, but that decreased body mass alone cannot account for the vasoconstrictive findings. Rather, the results suggest that the reduced BMI observed in these patients may be the result, rather than the cause, of their specific pathophysiology. We have also shown that low BMI is correlated with plasma AngII in a large subset of low-flow POTS patients, which could form a pathophysiological part of their illness. However, these observations are largely associative and, therefore, unable to determine causality. Previous findings in similar patients show reduced NO bioavailability and sympatho-excitation. We speculate that chronic sympatho-excitation related to increased AngII and decreased NO results in increased peripheral resistance and decreased body mass in low-flow POTS.
